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Motivated by a desire to bridge and if possible to stem the widening 

gap between the "computors" and the %on-computers" in molecular quantum 

mechanics as so disturbingly defined by C. A. Coulson (1960), this paper 

and others to follow presents directly and on a consistent basis pictorial 

representations of well defined quantum mechanical concepts. Here accurate 

charge density pictures of molecular orbitals ((MO's) very close to fhe 

Hartree-Fock MO's (Wahl 196Q are given. 

Recently much has been written elsewhere about the development and 

present state of the molecular orbital method (Lowdin and Pullman 1964, 

Slater 1965, Nesbet 1965) therefore, we shall confine ourselves to a brief 

statement of crucial steps in its 'history. 

The molecular orbital method as introduced by Mulliken (1928-32) and 

Hund (i'M) was used extensively in the semiempirical interpretation of 

band spectra, however, mathematically and computationally the concept 

matured rather slowly. Its early development (and the search for the 

"best" MO's) may be traced from the recognition by Lennard-Jones 0929) of 

its relationship to Hartrees self-consistent field work on atoms (>E$,  

followed by the introduction of the determinantal form for the wave 

function (Slater 1930a, 1932) with the application of the variational principle 

(Fock1930 ; Slater1929, 1930b) to yield t h e m  familiar pseudo-eigenvalue 

equations of the form 

% =  5% 

known as the Hartree-Fock equations, which provide a rigorous mathematical 

definition of best orbitals. Lennard-Jones ( 3 9 )  presented the equations 
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g i  =Z C i p X p  (2) 
P 

The expansion c o e f f i c i e n t s  C a r e  optimized through the  i t e r a t i v e  s e l f -  

c o n s i s t e n t  f i e l d  process  (Roothaan and Bagus 1964). I n  the  f u l l  numerology 

Of the  process  the b e s t  t runca ted  s e t  of b a s i s  func t ions  xp a r e  a l s o  

i P  

i 

f o r  an  a r b i t r a r y  system; Coulson (i329 foreshadowed t h e i r  s o l u t i o n  

by the  expansion method;and Roothaan (1951, 1960) developed and pe r fec t ed  

the  ex tens ive ly  used mat r ix  formulat ion of t he  expansion method. 

a l s o  a r e  the  proofs  by Delbruch (?93Q) Lowdin ( l ? S 2 ) ,  and Roothaan (135?.) 

t h a t  the  Hartree-Fock func t ions  are always s e l f - c o n s i s t e n t ,  symmetry adapted 

and correspond t o  a s p e c i f i c  minimum of the  t o t a l  energy. 

r e l evan t  t o  the potency and appeal  of Hartree-Fock wave func t ions  was the  

work of B r i l l o u i n  cm4), Moiler and P l e s s e t  ( 1 9 3 L )  on c o r r e c t i o n s  t o  the  

Hartree-Fock approximation. They showed t h a t  one-e lec t ron  p r o p e r t i e s  

computed from Hartree-Fock wave func t ions  have f i r s t - o r d e r  co r rec t ions  i n  

p e r t u r b a t i o n  theory which van i sh  provided t h a t  degeneracy a r e  no t  p re sen t .  

Kooprnan (‘-1)33) developed similar theorems f o r  i o n i z a t i o n  p o t e n t i a l s .  

Important 

Extremely 

11. Hartree-Fock Molecular O r b i t a l s  as Linear  Combinations of Expansion 
Functions 

Having c l e a r l y  def ined  the  Hartree-Fock model of a molecular system 

i t  s t i l l  remained a formidable p r a c t i c a l  problem t o  o b t a i n  &Mots qi . 
I n  1951 Roothaan had c a s t  the  Hartree-Fock equat ions  i n t o  a s o l i d  compu- 

t a t i o n a l  framework remarkably s u i t a b l e  f o r  t he  then  embryonic d i g i t a l  

computers. I n  what i s  now r e f e r r e d  t o  as t h e  Roothaan Method (1951, 1960) 

the  o r b i t a l  8 i s  expanded i n  terms of some s u i t a b l e  t runca ted  b a s i s  

set  xp 
I 



hunted down, usua l ly  by b r u t e  fo rce  methods. I n  p r a c t i c e  a very  c l o s e  
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approximation t o  - t h e  molecular o r b i t a l s  can be obta ined  i n  t h i s  way. 

Calcu la t ions  of t h i s  type u t i l i z i n g  a n a l y s i s  and computer programs 

developed r e c e n t l y  (Wahl 1964), (Wahl e t  a1 1964) have r e s u l t e d  i n  t h e  

de te rmina t ion  of t h e  molecular o r b i t a l s  f o r  a l a r g e  number of diatomic 

molecules i n  t h e  form of Eq. 2. 
.1 

These func t ions  i n  which t h e  b a s i s  set  

x 
- t h e  Hartree-Fock r e s u l t .  

p resented  i n  t h i s  work (see wave func t ions  i n  r e fe rences ) .  

c o n s i s t s  of many S l a t e r  type o r b i t a l s  (STO's) are ve ry  c l o s e  t o  
P 

They were used i n  t h e  p i c t o r i a l  c a l c u l a t i o n s  

\\ '8 

111. Dens i t i e s  and Contours 

A t  t h i s  po in t  i n  order  t o  c l a r i f y  t h e  diagrams of t h e  s h e l l  model 

it i s  convenient t o  in t roduce  two new ind ices  a n d &  which i n d i c a t e  

r e s p e c t i v e l y  t h e  symmetry spec ie s  and subspecies  of t h e  molecular o r b i t a l s  

8 . The e l e c t r o n i c  dens i ty  pia a s s o c i a t e d  wi th  t h e  ipth molecular 

s h e l l  a t  a po in t  5 i n  space i s  def ined by 

according t o  'ixc where we have now grouped t h e  molecular o r b i t a l s  

t h e i r  symmetry spec ie s  & and t h e i r  s u b s p e c i e s c  and have def ined  t h e  

d e n s i t y  of s h e l l  i>  which conta ins  N e l e c t r o n s  i n  terms of the  sum 

over t h e  modulus squared of t h e  dch degenerate  molecular o r b i t a l s  making 

up t h e  s h e l l .  'The t o t a i  e i e c t r o n  density p (Q 02 the  molecule IS then  

given  by 

i %  
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and i s  thus the sum of the  d e n s i t i e s  of a l l  s h e l l s  making up  the  molecule. 

The dens i ty  a s soc ia t ed  wi th  one of the d;, degenerate  molecular 

o r b i t a l s  making up s h e l l  ia i s  
i)rc 

which i s  j u s t  the  s h e l l  d e n s i t y  d iv ided  by the  number of depenerate  

molecular o r b i t a l s  making up t he  s h e l l .  I n  the  diagrams presented i n  t h i s  

paper i t  i s  the t o t a l  d e n s i t y  (Eq. 4 )  and the  o r b i t a l  d e n s i t y  (Eq. 5) which 

has been p lo t t ed .  ( F o r e  symmetry da = 1 and thus  the  , o r b i t a l  d e n s i t y  

equals  t he  s h e l l  dens i ty ,  f o r 7 T  symmetry i n  diatomic molecules 

and the  o r b i t a l  d e n s i t y  equals  1 / 2  of t he  shel l .  dens i ty .  

s h e l l s  and t h e i r  occupat ion 

s tudied .  

di3= 2 

The molecular 

Ni3 a r e  given i n  Table I f o r  the molecules 

The only molecular symmetries occurr ing  i n  t h i s  work a r e  6' g, gU, 

-K and .) 
U'  g 

I n  what follows i n  t h i s  s e c t i o n  the symmetry i n d i c e s  h and UZ of the  

(r) w i l l  be suppressed s i n c e  they a r e  unnecessary ?ix - o r b i t a l  dens i ty  

f o r  the  d e s c r i p t i o n  of the  contour drawing process .  

An o r b i t a l  contour  l i n e  i n d i c a t i n g  a d e n s i t y  C i n  the  xz (p and 

f o r  diatomic molecules a r e  c y l i n d r i c a l l y  symmetric about  t he  z a x i s  Pi 
and p l o t s  i n  any plane con ta in ing  t h i s  a x i s  convey complete d e n s i t y  

information)  plane may be def ined  by the equat ion ,  

and i t s  pa th  by the  r e l a t i o n ,  

* 

I 

i 



which g ives  the  d i r e c t i o n  of the tangent t o  the  contour  a t  any p o i n t  on i t  

t o  be: 

A s t e p  s = @ x 2  +Az2)% is  taken along t h i s  tangent  and a d e n s i t y  

found such t h a t  

pi ' ( x  + A x ,  z + A z )  = c +A pi (7) 

then  a c o r r e c t i o n  i s  appl ied  perpendicular  t o  i n i t i a l  tangent  a long the  

new l i n e  

a d i s t a n c e  

This  c o r r e c t i o n  (Eq. 8) is  continued u n t i l 4  p; f a l l s  w i t h i n  a small 

p r e s e t  th reshold .  This hunt process (Eqs. 6-8) i s  continued u n t i l  e n t i r e  

contour  i s  t raced  out. Analogous equat ions r e s u l t  f o r  the  t o t a l  molecular 

d e n s i t y  o r  for any l i n e a r  combination of molecular o r b i t a l  d e n s i t i e s .  
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The input  t o  the  computer program c o n s i s t s  of t he  symmetry basis 

, the  i n t e r n u c l e a r  func t ions  7c the  o r b i t a l  c o e f f i c i e n t s  C 

d i s t ance ,  a s e r i e s  of the  contour  va lues  des i r ed  wi th  the  a s soc ia t ed  

thresholds ,  and f i n a l l y  the  phys ica l  s c a l e  i n  which diagrams a r e  t o  be 

i P  

p l o t t e d .  

i n  t h i s  work. 

The output  cons i s t ed  of 35 mm negat ives  of t he  diagrams presented 

The process  has been more completely documented elsewhere 

(Wahl 1966a). 
I V .  Resul t s  and Impl ica t ions  

I n  Table 3 the  contours  of d e n s i t y  a s soc ia t ed  wi th  the  homonuclear 

diatomic molecules cons t ruc ted  from f i r s t  row atoms a r e  given on a con- 

s i s t e n t  bas i s  as def ined  i n  the  key. 

d e n s i t i e s  and the o r b i t a l  d e n s i t i e s  a r e  d isp layed .  (These diagrams a r e  

a v a i l a b l e  at a l a r g e r  s c a l e  Wahl .196$,). It is  hoped t h a t  i n  a d d i t i o n  

t o  t h e i r  obvious t u t o r i a l  va lue  these  contour  diagrams of the  molecular 

o r b i t a l  model f o r  these  simple homonuclear d ia tomic  molecules,  H2, L i z ,  

B2, C2, N 2 ,  02, and F2 w i l l  prove t o  be u s e f u l  symbols which w i l l  s t i m u l a t e  

thought about chemical binding,  s t e r i c  hindrance,  bonding and ant ibonding 

o r b i t a l s  i n  a d d i t i o n  t o  providing a c o r r e c t  and more complete p i c t u r e  of 

molecular o r b i t a l s  where only a rudimentary one, based p r imar i ly  on 

hydrogen atom wave func t ions  and s i n g l e  STO's, e x i s t e d  before .  

Using these  computational techniques,  concepts  and changes which a r e  

Such visual  p re sen ta t ions  

(Table 2) Both the  t o t a l  molecular 

b e s t  presented v i s u a l l y  may be s o  presented.  

have been q u i t e  l imi t ed  i n  the  p a s t  due t o  the  p r o h i b i t i v e  l abor  involved 

(Huo 1965) (Peyerimhoff 1965). S tudies  of i n t e r a t o m i c  fo rces  and the  

formation of t he  chemical bond us ing  extended Hartree-Fock wave func t ions  

(Das and Wahl 1966) a r e  underway i n  which t h e s e  programs a r e  being used 

t o  d i s p l a y  the changes occur r ing  i n  e l e c t r o n i c  charge d e n s i t y  as a 
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molecule forms. 

programs a r e  being used t o  i l l u s t r a t e  d i r e c t l y  changes i n  the  molecular 

charge d i s t r i b u t i o n  w i t h  e l e c t r o n  removal. I n  o the r  t h e o r e t i c a l  work a 

p i c t o r i a l  d i s p l a y  of conf igu ra t ion  mixing provides  a phys ica l  p i c t u r e  of 

wave func t ion  improvements and e l e c t r o n  c o r r e l a t i o n  as produced by added 

opt imal  conf igu ra t ions .  This  work con ta ins  t h e  development of a new 

t o o l ;  namely, the s y n t h e s i s  of high speed d i g i t a l  computers and l inked  

I n  a s tudy  of molecular i o n i z a t i o n  these  automatic contour 

analog devices  i n t o  a medium capable of e f f i c i e n t l y  communicating c e r t a i n  

types of new information.  Since many of u s  involved i n  l a r g e  s c a l e  compu- 

t a t i o n a l  e f f o r t s  a r e  o f t e n  swamped by our  own computer ou tput  and a r e  a b l e  

to competently analyze only a small f r a c t i o n  of the  p o t e n t i a l l y  u s e f u l  

in format ion  w e  have generated t h i s  problem of communication w e l l  worth 

cons ide ra t ion  (Coulson 1960). 
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